The archaeon Sulfolobus solfataricus uses a catabolite repression-like system to control production of several glycoside hydrolases. To better understand this regulatory system, studies of the regulation of expression of the ␤-glycosidase gene (lacS) were conducted. Expression of lacS varies in response to medium composition and to mutations at an unlinked gene called car. Despite gene overlap, expression of the lacS promoter proximal gene, SSO3017, exhibited coregulation but not cotranscription with lacS. Measurements of mRNA half-life excluded differential stability as a factor in lacS regulation. Chromosomal repositioning by homologous recombination of a lacS deletion series clarified critical cis-acting sequences required for lacS regulation. lacS repositioned at amyA exhibited increased lacS expression and compromised the response to medium composition independently of lacS 5Ј flanking sequence composition. In contrast, regulation of lacS by the car mutation was dependent on sequences upstream of the archaeal TATA box. Expression of a promoter fusion between lacS and the car-independent malA promoter integrated either at amyA or at the natural lacS locus was insensitive to the allelic state of car. In contrast, the promoter fusion retained a response to medium composition only at the lacS locus. These results indicate that car acts at the lacS promoter and that the response to medium composition involves locus-specific sequences exclusive of those present 5Ј to lacS or within the lacS transcription unit.
C ATABOLITE repression is a global regulatory reeral glycosyl hydrolases, including malA (␣-glucosidase), amyA (␣-amylase), and lacS (␤-glycosidase), at the level of sponse found in most if not all bacteria and eukarya that coordinates the expression of genes involved transcript abundance (Haseltine et al. 1996 (Haseltine et al. , 1999a Rolfsmeier et al. 1998) . The pattern of regulated gene in energy metabolism. Gene regulatory strategies used to accomplish catabolite repression include both posiexpression consists of two parts: a response to the carbon composition of the medium and reduced expression tive and negative mechanisms acting at the level of tranresulting from unlinked mutations in a locus called car. scription initiation. Archaea are also prokaryotes but Maximal expression of the regulated genes occurs durunlike bacteria they employ eukaryal-like proteins for ing growth in a medium containing sucrose as the sole synthesis and processing of DNA, RNA, and protein carbon and energy source (inducing growth conditions) (Blum 2001) . Despite their often-cited ecophysiologic while minimal gene expression occurs during growth novelty, the occurrence of these eukaryal-like proteins in a sucrose medium supplemented with yeast extract indicates that archaea share an evolutionary origin with (repressing growth conditions). Aspartate and asparaeukarya. For example, there is extensive overlap begine are the most effective components of yeast extract tween archaeal and eukaryal basal transcription compoconsistent with earlier studies of regulation of ␣-amylase nents (Bell and Jackson 1998; Soppa 2001) . While production (Haseltine et al. 1996) . Kinetic studies on negative regulation of archaeal transcription resembles the rate of adjustment in lacS mRNA abundance under the bacterial paradigm (Cohen-Kupiec et al. 1997 ; Bell inducing and repressing growth conditions indicate the et al. 1999; Dahlke and Thomm 2002) , the interplay existence of distinct regulatory mechanisms. Full inducbetween positive-acting mechanisms and basal transcription of lacS expression occurs in two-thirds of one generation is less clear but can include TBP recruitment (Plostion (4 hr) while full repression occurs much more slowly, ser and Pfeifer 2002; Ouhammouch et al. 2003) .
requiring over 30 generations (Haseltine et al. 1999a ). The archaeon, Sulfolobus solfataricus, harbors a cataboThese data implicate a role for differential mRNA stability lite repression-like system similar to that observed in or synthesis in the control of lacS expression. members of the bacterial and eukaryal domains (Bini Spontaneous mutations in a locus called car (cataboand Blum 2001) . This system controls expression of sevlite repression) result in reduced expression of lacS and amyA but not malA (Haseltine et al. 1999b ). In the case of lacS reduced gene expression occurs at the level of 1 was constructed from pAmy1 by insertion of sequences conapparent in lacS or its surrounding region in car mutant taining added MfeI sites spanning 274 bp 5Ј to the SSO3017 strains, car may encode or regulate a trans-acting factor start codon through 165 bp 3Ј to the lacS stop codon, produced necessary for the expression of lacS and other genes. The lacS amplicon produced using primers LacTF and strains, plasmids, and primers are indicated in Table 1 . S. solLacSRBsp from the wild-type strain after digestion by BspEI fataricus strain 98/2, and its car mutant derivatives were grown and purification was used for comparison. PCR amplification at 80Њ in batch culture as described previously (Rolfsmeier of amyA from PBL2006, PBL2014, and PBL2015 using primers and Blum 1995; Haseltine et al. 1999b) . The basal salts me-1172C and 1172D produced a single amplicon. Digestion of dium of Allen (1959) as modified by Brock et al. (1972) was this product with MfeI (PBL2006) or BspEI (PBL2014 and supplemented with sucrose 0.2% (w/v) as the sole carbon and PBL2015) produced three fragments representing the lacS energy source and constituted the inducing medium. Yeast insert and 5Ј and 3Ј ends of amyA. extract 0.1% (w/v) added to this medium constituted the PBL2008 (car-6, amyA::lacS 169 ) was produced by transformarepressing growth medium. Growth was monitored at a wavetion of the car-6 mutant strain using pAmy2. Reduced expreslength of 540 nm using a Cary 50 Bio, UV-visible spectrophosion of chromosomal inserted copies of lacS in the car-6 mutant tometer (Varian, San Fernando, CA) . RNA samples were prestrain necessitated longer incubation periods for recovery of pared from 0.5-liter cultures harvested in midexponential lactose-utilizing recombinants. The lacS promoter region was phase. For mRNA stability assays, total RNA samples were amplified by PCR and subjected to DNA sequencing. No seprepared from cultures treated with actinomycin D at a final quence alteration was evident. Efforts to construct recombiconcentration of 10 g/ml (Bini et al. 2002) .
nant car-6 derivatives harboring lacS constructs with 94 and All S. solfataricus recombinant strains were constructed by 41 bp of flanking sequence followed identical procedures but homologous recombination using the lacS gene as a selectable failed to yield lactose-utilizing cells despite repeated efforts. marker (Worthington et al. 2003) . Strain PBL2002 (lacS::
A promoter fusion coupling the malA promoter to the lacS IS1217) is a spontaneous derivative of wild-type S. solfataricus open reading frame (ORF) was created by overlap extension (PBL2000) with an insertion of IS1217 at position 1242 in lacS PCR. PCR primers for malA amplification to create the malA that cannot utilize lactose as a sole carbon and energy source promoter fusion for insertion at lacS were MalAF, which starts (Worthington et al. 2003) . Strains containing truncated lacS 427 bp 5Ј to the malA start codon, and MalAR, which starts constructs inserted at the amyA locus were created by transfor-125 bp 3Ј to the malA stop codon. For insertion of the promation of PBL2002 using plasmids encoding amyA that was dismoter fusion at amyA the forward PCR primer was MalAFPsp, rupted by an insertion of the selected lacS construct (Table 1) .
which starts 427 bp 5Ј to the malA start codon, and the reverse PBL2004 (amyA::lacS 169 ) was derived from PBL2002 by transforprimer was LacSRBsp. Strains PBL2011 and PBL2012 were mation with plasmid pAmy2 as described (Worthington et derived by transformation of PBL2002 and car-6 strains, respecal. 2003) . PBL2004 contains a copy of the lacS coding region tively, using plasmid placTMS1. Strains PBL2016 and PBL2017 and 169 bp of 5Ј and 158 bp of 3Ј flanking sequence inserted were derived by transformation of PBL2002 and car-6 strains, at the amyA locus in the reverse orientation to amyAp. Primers respectively, using plasmid pAmy8. Plasmid placTMS1 was confor lacS 169 amplification were LacSF, which starts 169 bp 5Ј to structed from pSSO3017, a derivative of pNEB193, encoding the lacS start codon and LacSR, which starts 158 bp 3Ј to the a region spanning sequences 252 bp 5Ј to the SSO3017 start lacS stop codon. PBL2005 (amyA::lacS 686 ), PBL2006 (amyA:: codon through 2 bp 3Ј to the SSO3017 stop codon. This region lacS SSO3017 ), PBL2014 (amyA::lacS 94 ), and PBL2015 (amyA::lacS 41 ) was amplified using primers 3017Sph and 3017Kpn and inwere derived from PBL2002 by transformation with plasmids serted at the SphI and KpnI sites of pNEB193. A transcriptional pAmy4, pAmy5, pAmy6, and pAmy7, respectively. Plasmid promoter fusion linking malAp to lacS was constructed sepapAmy4 was constructed from pAmy1 (27) by insertion of serately and inserted into pSSO3017 to create placTMS1. The quences spanning 686 bp 5Ј and 158 bp 3Ј of lacS. This region malAp region was amplified using primer MalAF, comprising was produced using forward primer LacTF encoding positions sequences starting 427 bp 5Ј to the malA start codon, and 269-242 5Ј to the SSO3017 start codon and reverse primer LacSRBsp encoding positions 130-157 3Ј to the lacS stop coprimer MalAR, comprising a portion of lacS extending 14 residues 3Ј to the lacS transcription start site fused to a portion don. The resulting PCR product was digested with BspEI removing sequences 5Ј to position 743 relative to the lacS start of malA extending 30 residues from malAp through the malA start codon. The 5Ј end of the lacS transcribed region was codon and then cloned into the BspEI site of pAmy1. Plasmids pAmy6 and pAmy7 were constructed from pAmy1 by insertion amplified using primer LacMS, which encoded a portion of malA, including 15 residues starting at the malA start codon of sequences spanning 94 bp 5Ј and 158 bp 3Ј of lacS or 41 bp 5Ј and 158 bp 3Ј of lacS. These regions were produced using and extending in a 5Ј direction fused to a portion of lacS starting at the lacS transcription start (which is coincident with forward primer lacSp94F encoding positions 94-68 and lacSp41F encoding positions 41-11, both 5Ј to the lacS start the lacS start codon) and extending 27 residues 3Ј into the lacS gene, and primer LacTR, which encoded sequences 146-codon, respectively, combined with reverse primer LacSRBsp encoding positions 130-157 3Ј to the lacS stop codon. pAmy5
165 bp 3Ј to the lacS stop codon. After purification the two 
PCR products were fused by overlap extension PCR (Higuchi was cloned at the PstI and HincII sites. The composition of all et al. 1988), digested with KpnI, and inserted in the appropriate inserts was verified by DNA sequencing. For use in riboprobe orientation into the unique KpnI site in pSSO3017. PCR and synthesis, plasmids were linearized by digestion with HindIII DNA sequencing were used to verify recombinant strain identi-(7S rRNA), HincII (SSO3017), or SmaI (lacS). T3 RNA polymerties. Plasmid pAmy8 was constructed from pAmy1 by insertion ase (SSO3017) or T7 RNA polymerase (7S RNA, lacS) were used of an overlap extension product at the BspEI site, produced for transcription from the appropriate promoter following the using two products and forward primer MalAFBsp and reverse manufacturer's instructions to produce a 32 P-labeled antisense primer MalAR together with forward primer LacMS and re-RNA. mRNA stability assays were performed essentially as deverse primer LacSRBsp, as described above for construction of scribed (Bini et al. 2002) . Actinomycin D addition was used placTMS1. Amplification of malAp::lacS from strain PBL2011 to terminate transcription. Total RNA samples were removed using primers MalAF and LacTR produced a single product.
and analyzed for mRNA content at intervals after actinomyAmplification of SSO3017-lacS from strain PBL2011 using cin D addition. primers LacSD and LacTR also produced a single and slightly Primer extension analysis: The lacS mRNA was subjected to larger product, while attempts to amplify the malAp::lacS fusion primer extension using the primer LacSext, which is complefrom strain PBL2002 using primers MalAF and LacTR promentary to positions 46-75 in lacS. The primer extension oligoduced no product. Amplification of the SSO3017-lacS region nucleotide was labeled at the 5Ј end with [␥-32 P]ATP using T4 from the wild-type strain using primers LacSF and LacTR was polynucleotide kinase (NEB) as described (Triezenberg 1992) . used for comparison. Amplification of malAp::lacS from strains
The labeling reaction was terminated by EDTA addition fol-PBL2016 and PBL2017 using primers 1172C and 1172D prolowed by heating at 65Њ. The labeled primer was purified using duced a single product. The digestion pattern of these proda Sep-pak cartridge (Waters), dried, and resuspended in 10 l ucts using BspEI was used to verify the identity of the amplified 10 mm, pH 8.0, Tris-Cl, 1 mm EDTA. A typical reaction yielded region.
10 l of 10 6 cpm/l labeled oligo and 1 l of this oligo was Enzyme assays: Assays for ␤-glycosidase (LacS) were essentially used for each reverse transcription reaction. Reverse transcripas described previously (Haseltine et al. 1999a,b) . All enzyme tion was as described (Triezenberg 1992 ) with modifications. reactions were incubated for 30 min at 80Њ using 4-nitrophenylSamples of total RNA were hybridized with the labeled primer ␤-d-glucopyranoside (LacS) as the substrate at a final concenin 150 mm potassium chloride, 10 mm Tris-Cl, pH 8.3, and tration of 10 mm in a buffer consisting of 10 mm Tris hydro-1 mm EDTA, heated at 65Њ for 90 min, and cooled to allow chloride (pH 7.0). Reactions were initiated by the addition primer annealing. Increased amounts of total RNA were used of crude cell sonicates to prewarmed solutions. Reactions were to accommodate reduced mRNA abundance. For samples from terminated by addition of 1 m sodium carbonate, resulting in wild-type cells, 40 g of RNA was used. For samples from car a sample pH of 10.0. The extent of substrate hydrolysis was mutant strains, 200 g of RNA was used, which was processed determined by the absorbance of the sample at a wavelength of in thirds and combined prior to electrophoresis. The mixture 420 nm with correction for spontaneous substrate hydrolysis. A was adjusted to 20 mm Tris-Cl, pH 8.3, 10 mm MgCl 2 , 0.5 mm unit of LacS activity was defined as the amount of enzyme dithiothreitol, 0.15 mg/ml actinomycin D, 0.15 mm dNTPs, required to liberate 1 mol of p-nitrophenol per minute per and 0.33 l of AMV reverse transcriptase (Pharmacia) was milligram of protein.
added. The reaction was incubated for 1 hr at 42Њ and termiMolecular biology methods: Recombinant molecular biolnated by addition of 17.5 ng/ml salmon sperm DNA and 14 ogy procedures for DNA cloning, PCR, and plasmid transforng/ml RNase A followed by incubation for 15 min at 37Њ. mation were performed as described (Rockabrand et al. 1998;  The reaction was extracted with phenol:chloroform (1:1) and Haseltine et al. 1999a,b; Worthington et al. 2003) . DNA seprimer-extended DNA was recovered by ethanol precipitation, quencing was as described (Rolfsmeier et al. 1998) . DNA and dried, and resuspended in the Stop Solution of the T7 Seque-RNA concentrations were measured using either a DyNA Quant nase version 2.0 DNA sequencing kit (Amersham). The primer 200 fluorometer (Hoefer, San Francisco) or a UV-visible specextension primer also was used to generate the sequencing trophotometer Genesys 2 (Spectronics, Westbury, NY). All ladder for mapping the start site of transcription of lacSp. The manipulations of RNA were as described (Haseltine et al. templates for the DNA sequencing ladders for lacSp and malAp 1999a,b; Bini et al. 2002) . Protein concentrations were meaprimer extension mapping were plasmids pBN55 and placTMS1, sured using the BCA protein assay reagent kit (Pierce, Rockrespectively. DNA sequencing reaction products were sepaford, IL). Unless otherwise indicated, all chemicals were obrated on preequilibrated 8% (w/v) denaturing polyacrylamide tained from common chemical suppliers. Plasmid DNA inserts sequencing gels as described (Rolfsmeier et al. 1998) . were sequenced using the T7 Sequenase version 2.0 DNA sequencing kit (Amersham, Buckinghamshire, UK) following the instructions of the manufacturer. RESULTS Northern blot and mRNA stability analysis: Northern hybridization analysis using antisense riboprobes was performed
The response to medium composition requires car: It as described (Haseltine et al. 1999a,b) . RNAs were detected by was reported previously that the extragenic car mutation autoradiography on X-OMAT AR film (Kodak). Digital images were acquired using a gel documentation system GDS7600 reduces the abundance of lacS mRNA relative to the (UVP, San Gabriel, CA). Scanning densitometry of the images wild type during growth in a repressing medium (Haselwas performed using GelBase-Pro software (UVP). Riboprobes tine et al. 1999b). A similar effect of the car mutation were prepared using PCR-amplified segments of the selected also was observed when LacS enzyme levels were detergenes from genomic DNA of wild-type S. solfataricus identified mined from cells growing in an inducing medium. The by ORF number (She et al. 2001) and cloned into plasmid pT7T3/18U (Pharmacia). The 7S RNA was amplified from specific activity of LacS in the wild-type strain was 482 Ϯ SSO0316 using primers 7SRNAF and 7SRNAR and the 306-bp 2 [micromoles paranitrophenol (PNP) per minute per product was blunt cloned at the HincII site. The lacS riboprobe milligram] while in the car-6 mutant it was 1.9 Ϯ 0.1 was as described (Haseltine et al. 1999a,b) . The SSO3017 (micromoles PNP per minute per milligram]. Northern riboprobe was derived by PCR from SSO3017 with primers SSO3017F and SSO3017R and the resulting 677-bp product blot analysis was used to measure whether the car muta-has undergone disruption by insertion of ISC1439 (She et al. 2001) . In S. solfataricus strain 98/2, the SSO3017 stop codon overlaps the canonical promoter for lacS ( Figure 1B) , suggesting that these genes might be cotranscribed. This could mean that regulation of lacS transcription might occur at the SSO3017 promoter; however, no evidence of a polycistronic SSO3017-lacS transcript was apparent in previous studies (Haseltine et al. 1999a,b) . To address whether SSO3017 and lacS might instead undergo coregulation but not cotranscription, expression of SSO3017 was examined. The levels of SSO3017 mRNA were determined by Northern blot analysis during growth in repressing and inducing media in wild-type and car mutant strains ( Figure 1C ). The SSO3017 transcript was reduced nearly fourfold relative to the 7S RNA during growth in the repressing medium as compared to levels produced during growth in the inducing medium ( Figure 1C, lanes 1 and 3) . The car mutation reduced SSO3017 mRNA levels 10-fold during growth in a repressing medium relative to levels in the wild-type strain. But in contrast to lacS, no effect at all of the car mutation on SSO3017 mRNA levels during growth in an inducing medium was seen ( Figure  1C , lanes 2 and 4). These results indicate that SSO3017 expression is coregulated with lacS but that the variation in SSO3017 expression occurs over a smaller range and the affect of the car mutation is limited to repressing D as described (Bini et al. 2002) , and residual lacS mRNA levels were normalized to amounts of the 7S RNA. Figure  2A is an autoradiogram representing one of three extion was affecting transcription ( Figure 1A ) using the periments used to derive transcript half-life measured signal recognition particle 7S RNA as an internal Northover a 120-min period. The percentage of the initial ern blot control. Levels of lacS mRNA relative to the 7S levels of the transcript prior to actinomycin D treatment RNA were found to be greatly reduced in the car-1 muwas plotted for each of the sample times that were anatant under both repressing and inducing growth condilyzed for the first 60 min ( Figure 2B ). The slopes of the tions. Identical results were obtained with the car-6 mulines for each experiment were used to determine a tant.
mean transcript half-life of 9.6 Ϯ 2.4 min. Regulation of SSO3017 and lacS expression: In S. solfaLevels of lacS mRNA were detectable by Northern taricus strain MT4, a gene located immediately 5Ј to lacS, blot analysis in total RNA extracts from wild-type cells ORF2, encodes a putative membrane protein homologrowing under repressing conditions (Figure 1 ). Addigous to the major facilitator superfamily of transporters tional reductions in mRNA levels resulting from inhibi- (Prisco et al. 1995) . A similar arrangement occurs in tion of transcript synthesis precluded transcript detecthe strain used in the studies presented here, S. solfatarition and prevented use of Northern blot analysis for cus strain 98/2 (Haseltine et al. 1999b) . In S. solfataritheir measurement. Reductions in lacS mRNA levels were even greater in the car mutant, further exacerbatcus strain P2, however, ORF2, which is called SSO3017, decay validated the use of primer extension for the measurement of mRNA stability. The half-life of lacS mRNA in wild-type cells during growth under repressing conditions determined by primer extension was 10.2 ing this issue. To overcome this problem, primer extenmin ( Figure 3B ). Since LacS activity was most reduced sion was employed as a means of analyzing greater total in the car mutant during growth under repressing conquantities of bulk RNA to improve the sensitivity of ditions, measurement of the half-life of lacS mRNA undetection of the 5Ј end of the target mRNA. Two trander these conditions was considered sufficient to adscription start sites for lacS were reported previously, dress the role of mRNA decay in mediating the reduced located at positions Ϫ9 and ϩ1 with respect to the abundance of this transcript in the car mutant strain. lacS start codon (Prisco et al. 1995) . It was therefore
The half-life of lacS mRNA in the car mutant was 7.0 necessary to test whether growth on different media min ( Figure 3C ). This is about one-third shorter than influenced transcription start site selection. Primer exthat in the wild type under the same growth conditions. tension analysis was performed on total RNA isolated The lacS transcript in the car mutant was undectable by from wild-type cells grown under inducing or repressing conditions. The transcription start site for lacS occurred Northern blot and nearly one-fourth the abundance using primer extension analysis of five times the amount combination between plasmid and chromosomal amyA copies were then purified and analyzed. PCR amplificaof total RNA. Thus, abundance of the lacS transcript in the car mutant is at least 20-fold less than that in the tion of the recombinant strains followed by restriction digestion was used to distinguish between the natural wild type. If lacS transcript synthesis occurred at similar rates in the wild-type and car mutant, a one-third deamyA loci in the parental strains and disrupted loci present in recombinant derivative strains. crease in transcript stability would yield only one-third less transcript. Therefore, these results exclude a role
To assess the consequences of chromosomal relocation on lacS expression, LacS activities of recombinant for differential mRNA decay in the regulation of lacS expression.
strains were determined during growth in repressing and inducing growth media ( Figure 4B ). All relocated Analysis of cis-acting lacS regulatory sequences by genomic repositioning: Plasmid vectors for most strains of lacS expression constructs exhibited increased levels of LacS activity relative to the wild-type strain, ranging from S. solfataricus are not yet available for genetic studies. Consequently, characterization of cis-acting lacS regulaa maximum of twofold under inducing growth conditions to a maximum of fivefold under repressing growth tory sequences employed an alternate strategy involving chromosomal repositioning by homologous recombinaconditions. In addition, the pattern of variation in LacS levels observed in the wild-type strain during growth in tion (Worthington et al. 2003) . Six different lacS expression constructs containing various lengths of 5Ј flankinducing and repressing growth media (about sixfold) was no longer evident in any of the recombinant strains. ing sequence, the entire lacS open reading frame, and 170 nucleotides (nt) 3Ј flanking sequence were created
The DNA regions flanking the 5Ј side of the lacS open reading frame in all six of these constructs were ampli-( Figure 4A ). The lacS constructs were inserted into a cloned copy of amyA in the reverse orientation relative fied from their relocated position at the amyA locus in the chromosome by PCR and then subjected to DNA to amyA expression and the resulting plasmids were used to transform strain PBL2002, a spontaneous lacS::IS1217 sequence anlaysis. In all cases no sequence alterations were observed. These results indicate that sequences mutant to lactose utilization in liquid medium. Lactoseutilizing recombinants resulting from homologous relying 5Ј to lacS, including the entire flanking gene, SSO3017, are not sufficient for the regulatory response of lacS expression to medium composition at the amyA locus.
Replacement of the lacS promoter:
To assess the role of these flanking sequences on genetic control of lacS expression, several lacS constructs, including lacSp 169 , lacSp 94 , and lacSp 41 , were selected to create car-6 recombinant strains. Of these, only the lacSp 169 construct produced recombinant derivatives that could utilize lactose; repeated attempts with the two shorter promoter constructs failed to yield lactose-utilizing cells. DNA sequence anlaysis of the promoter region indicated that there were no alterations during strain construction. Levels of LacS activity produced by the car mutant lacSp 169 strain during growth under both inducing and repressing conditions were greatly reduced relative to those produced by the wild-type strain with the relocated copy of lacSp 169 at amyA ( Figure 5C ). However, LacS levels were significantly higher than those produced by lacS from its natural locus.
To further test if the lacS promoter region was targeted by the car mutation, a promoter fusion was constructed in which the lacS promoter was replaced with a car-insensitive promoter (malAp) from the malA gene ( Figure 5A ). A 25-nt portion of lacSp from the 3Ј terminus of the TATA box to the start point of lacS transcription was deleted and replaced with a 427-bp fragment encoding malAp and its 5Ј flanking sequence. Addition of 5Ј flanking homologous sequences enabled insertion at both the amyA locus and the lacS locus in both wildtype and car mutant strains. Primer extension analysis was conducted to verify that malAp directed lacS expression accurately as a chromosomal integrated promoter fusion ( Figure 5B ). The start point of transcription occurred at the same base (G) as determined previously for the natural malA gene (Rolfsmeier et al. 1998) . after integration at the lacS locus ( Figure 6 ). Levels of LacS remained unaffected by the allelic state of car; however, unlike the pattern observed at the amyA locus, the promoter fusion inserted at the lacS locus exhibited DISCUSSION a response to medium composition. The extent of varia-
The results presented here provide further evidence tion in levels of LacS produced by the promoter fusion that car encodes or modulates a factor that regulates under inducing and repressing growth conditions was lacS expression at the level of transcript synthesis. Since similar to that produced by the wild-type lacS allele.
the car mutation reduces lacS gene expression, it is likely These results indicate that a locus-specific component that car produces a positively acting regulatory factor. is involved in mediating the regulation of lacS expression in response to medium composition.
Since prior studies had suggested a role for SSO3017 induced state. In contrast, relief from catabolite repression by depletion of the preferred carbon source, resulting in a shift up in expression, required only a fraction of a generation. The delay in lacS repression caused by repressing the carbon source addition exceeded the time required for dilution by division of lacS mRNA, suggesting that the lacS transcript might be unusually stable. In the results presented here, this hypothesis was disproved. Although the lacS mRNA was found to be somewhat longer lived than bacterial mRNAs (Nilsson et al. 1984; Steege 2000) , its half-life was unaffected by medium composition. The average mRNA half-life of S. solfataricus is 54 min (Bini et al. 2002) ; thus by comparison lacS mRNA is relatively short lived and not unusually stable. Consequently, delayed catabolite repression of lacS expression must result in part from continued lacS during the induction of lacS expression can also be excluded by these half-life measurements. Differences in the rates of lacS induction and repression must therefore and differential lacS mRNA stability in mediating some reflect the operation of distinct mechanisms used to aspects of the pattern of lacS expression, both were control transcript production. investigated and were found not to be involved. Instead, Analysis of the expression patterns of a truncated series analysis of lacS expression using genomic repositioning of lacS constructs repositioned by homologous recombiand promoter replacement showed that genetic control nation at the amyA locus clarified the significance of mediated by car was exerted through cis-acting sequences these upstream sequences in lacS expression. Since all located upstream of the lacS promoter and that physioconstructs lost catabolite responsiveness irrespective of logic control was promoter independent.
the length of the upstream sequence, this region is not As lacS and SSO3017 have monocistronic mRNAs, it involved in mediating physiologic control. Reduced lacS appears that they are not cotranscribed despite the overexpression of a car mutant recombinant derivative harlap between them. The promoter proximal gene of an boring 169 nt of 5Ј flanking sequence suggested that operon typically exhibits the highest degree of expresthis region was sufficient for action by car. Since wildsion in large part due to the coupling between transcriptype but not car mutant recombinant derivatives could tion and translation and the occurrence of polarity.
be made with truncated lacS constructs of 92 and 41 nt, Since SSO3017 mRNA is less abundant than lacS relative respectively, the region lying between positions Ϫ92 to levels of the 7S RNA, these genes are unlikely to and Ϫ169 appears necessary for lacS expression in the constitute an operon. Because SSO3017 exhibited cataboabsence of car and suggests that the region between lite responsiveness and a small response to the car muta-Ϫ41 and the transcription start site are required for the tion, lacS and SSO3017 are coregulated but not cotranscriaction of car. bed and car acts pleiotropically at the level of transcription.
It remains plausible that the increased expression of The catabolite responsiveness (physiologic control) relocated copies of lacS may reflect the occurrence of of lacS expression occurs at the transcriptional level and second-site suppressor mutations, which arise in response occurs in response to the availability of particular carbon to selective pressure for increased LacS activity. Howsources (Haseltine et al. 1999a,b) . As shown here, exever, recombination of lacS at its original location using pression of lacS also was reduced by mutations in car the identical selection strategy employed in these studies (genetic control) irrespective of conditions that elicit did not create recombinant strains with higher levels of catabolite responsiveness. Both genetic and physiologic lacS expression relative to the wild-type strain (Worthingregulation of lacS expression was shown to result from ton et al. 2003) . Consequently, these results support the decreased lacS mRNA synthesis and not from increased conclusion that expression of lacS is responsive to some degradation since transcript half-lives were not signififeature that is locus specific and distinct between the cantly affected by medium composition or the allele of lacS and amyA regions of the chromosome. car. Previous studies on the kinetics of lacS catabolite Analysis of the expression patterns of a promoter responsiveness had shown that repression required an fusion to lacS at the lacS and amyA loci also addressed the unexpectedly long time (Haseltine et al. 1999a) . Nearly importance of the lacS promoter in car-mediated control 30 generations were required to reestablish the reof lacS expression. The malAp promoter was selected as a car-independent promoter because malA expression is pressed level of lacS mRNA abundance from a fully
